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Bitter Flavored, Soft Composites for Wearables Designed to

Reduce Risks of Choking in Infants

Donghwi Cho, Rui Li, Hyoyoung Jeong, Shupeng Li, Changsheng Wu, Andreas Tzavelis,
Seonggwang Yoo, Sung Soo Kwak, Yonggang Huang,* and John A. Rogers*

Wireless, skin-integrated devices for continuous, clinical-quality monitoring
of vital signs have the potential to greatly improve the care of patients in
neonatal and pediatric intensive-care units. These same technologies can also
be used in the home, across a broad spectrum of ages, from beginning to end
of life. Although miniaturized forms of such devices minimize patient burden
and improve compliance, they represent life-threatening choking hazards

for infants. A materials strategy is presented here to address this concern.
Specifically, composite materials are introduced as soft encapsulating layers
and gentle adhesives that release chemical compounds designed to elicit

an intense bitter taste when placed in the mouth. Reflexive reactions to this
sensation strongly reduce the potential for ingestion, as a safety feature.

The materials systems described involve a non-toxic bitterant (denatonium

1. Introduction

The COVID-19 pandemic has greatly
increased an appreciation for the value
of continuous, digital tracking of health
status, in the hospital, in managed care
facilities, in the home, and in the work-
place.lll Technologies for vital signs moni-
toring in intensive care units (ICUs)
define the “gold standard” for real-time,
precise assessments.”! The strong adhe-
sives and wired based interfaces associ-
ated with these systems,** however, lead
to significant complications for even basic
aspects of care, they create irritation at

benzoate) as a dopant in an elastomeric (poly(dimethylsiloxane)) or hydrogel
matrix. Experimental and computational studies of these composite materials
and the kinetics of release of the bitterant define the key properties. Incorpo-
ration into various wireless skin-integrated sensors demonstrates their utility
in functional systems. This simple strategy offers valuable protective capabili-
ties, with broad practical relevance to the welfare of children monitored with

wearable devices.

the skin interface and they impose other
physical and mechanical constraints, par-
ticularly problematic for patients in neo-
natal intensive care units (NICUs) and
pediatric intensive care units (PICUs).>”]
Recent efforts in soft electronics estab-
lish the basis for wireless, skin-interfaced
devices that are capable of non-invasive,
continuous monitoring with clinical-grade
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accuracy, in nearly any environment and during natural daily
activities.B1% These miniature sensors, which gently adhere
to the skin and impose minimal burden on patients, offer the
greatest benefits for infants. A serious concern for use with
this population, however, follows from risks of choking or
blocking of the gastrointestinal (GI) tract following accidental
ingestion. "1

Materials oriented strategies have the potential to mini-
mize such types of risks, as demonstrated in certain types of
batteries!'® and gaming devices.['”l Here, bitter tasting sub-
stances applied as thin coatings on these objects elicit strong
reflexive reactions when placed in the mouth, with proven
ability to reduce the potential for ingestion.®! Inspired by
these strategies, we introduce classes of soft composite mate-
rials as encapsulating structures and adhesive layers for wire-
less, skin-interfaced devices designed to monitor vital signs.
These materials exploit denatonium benzoate (DB), the most
bitter substance known to pose little or no hazard to human
health,181 dispersed in matrices of poly(dimethylsiloxane)
(PDMS) or hydrogel. Experimental measurements and diffu-
sion modeling define the kinetics of release of the DB upon
exposure to water. Demonstrations with various wireless,
skin-integrated devices highlight some practical application
possibilities.

2. Results and Discussion

2.1. Material Designs for the Bitter Flavored Elastomer
Composites

Figure 1 summarizes the key materials concepts for a bitter fla-
vored elastomer composite formed by planetary mixing of the
bitterant additive DB (bitterness threshold of 0.05 parts-per-
million)?% into a prepolymer to PDMS. A typical formulation
of this DB-PDMS material includes a small quantity (=1 wt%)
of fine DB powders formed by pre-ball milling and sieving
through a fine mesh (average diameter of 45 pum). Curing
of the PDMS involves hydrosilylation reactions that create
crosslinks between silicon hydride and vinyl siloxane groups,
catalyzed by a platinum complex (Pt).2-2% This Pt catalyst
can be readily deactivated by chelating functional groups such
as the amino group in DB.[2224 As a result, this type of com-
posite involves some spatial heterogeneity in the crosslinking
density, as illustrated schematically in Figure 1la,b. Specifi-
cally, the PDMS polymer chains near the microparticles of
DB are depleted in Pt catalyst due to the chelating effect and
therefore have a reduced density of crosslinks.l?”l The results
of swelling/deswelling tests with cyclohexane provide indi-
rect evidence of loosely or uncrosslinked polymer chains in
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DB-PDMS and corresponding reductions in the density of
the crosslinked network (Figure S1, Supporting Informa-
tion). Compared to PDMS, during the swelling, the DB-PDMS
exhibits a significant increase in weight due to enhanced
solvent permeation through less crosslinked regions of the
composite. The weight ratio (weight of swollen sample/weight
of original sample) increases up to 3.76 for the DB-PDMS
with 1.0 wt%, which is =100% higher than that measured with
undoped PDMS (ratio of 1.88) formed at the same mixing
ratio of silicone oligomer and curing agent (10:1). After drying
and deswelling, the DB-PDMS (1.0 wt%) has a weight lower
than the original value due to the extraction of polymer chains
from the loosely or uncrosslinked regions.??l (DB is insoluble
in cyclohexane.) The net effects of the DB and its influence
on crosslinking are to increase the mechanical compliance of
the material®>?¢ and improve its conformality and adhesion
to the skin (Figure 1c).

As shown in Figure 1d, DB particles at and near the surface
of the composite readily dissolve and diffuse into surrounding
water, due to their high water solubility (42400 mg L' at
20 °C).I This process leaves microscale pores near the surface
and releases bitterant. Figure le,f illustrates the result for the
application envisioned here.

2.2. Effect of DB Doping on the Optical and Mechanical Proper-
ties of Silicone and Hydrogel Composites

Figure 2a shows the dependence of the optical properties of
films of DB-PDMS (thicknesses of 500 pm) on DB concen-
tration up to 1.0 wt%. The films become increasingly opaque
with doping due to scattering that arises from regions of DB
(refractive index = 1.58) within the PDMS (refractive index =
1.43) matrix (Figure S2, Supporting Information).l?#2° Meas-
urements with an integrating sphere indicate that UV absorp-
tion associated with DBBY increases the absorbance in this
wavelength range as the loading ratio increases (Figure 2a and
Figure S3: Supporting Information).

As mentioned previously, the chelating effect of the DB on
the Pt catalyst reduces the crosslinking density locally near the
DB microparticles, with dramatic implications for the mechan-
ical properties.??l The stress-strain behaviors of composites
with DB concentrations up to 1.0 wt% appear in Figure 2b, for
strains up to 50%, comparable to the maximum values for nat-
ural motions of the skin.?!l For the 1.0 wt% case, the Young’s
modulus of the composite is =173 kPa, corresponding to a
significant reduction from the value (=1 MPa) for pure PDMS
(mixed with a weight ratio of 10 to 1, monomer to crosslinking
agent). Figure 2c¢ summarizes rheological measurements of
the viscoelastic properties in terms of the storage G” and loss
G” moduli as a function of frequency from 1072 to 10> Hz. The
similar frequency dependence for G’ of the doped and undoped
cases suggests similar levels of entanglement for the densely
crosslinked networks in both materials.??l The reduced density
of crosslinks in the DB-PDMS, however, leads to decreases in
both G” and G” across the frequency range. In particular, the
reductions in G” are most significant at low frequencies (0.01 to
1 Hz), consistent with some level of viscous flow in the hetero-
geneously crosslinked network.[?!

© 2021 Wiley-VCH GmbH
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Figure 1. Design of a bitter-flavored, silicone composite as encapsulation and adhesive layers in skin-mounted devices. These systems minimize risks
associated with choking when used with infants. a) Conceptual illustration of the DB-PDMS composite and b) material scheme that depicts the het-
erogeneity in the crosslinking network. c) Photographs of the DB-PDMS attached to the skin of the back of the hand under mechanical deformations.
Inset scale bar: 1cm. d) High-resolution digital image of the surface of a sample of the composite before (left) and after the water-induced dissolution

of the DB near the surface (right).

e) Demonstration of a skin-interfaced device encapsulated with DB-PDMS and f) schematic illustration of the safety

aspect of this materials system, based on reflexive reactions that discourage ingestion. The inset is a 3D confocal fluorescence image of a microparticle

of DB in the DB-PDMS composite.

Similar composites can be formed with conductive hydrogel
adhesives (CHA), based on the 2-acrylamido-2- methylpropane
sulfonic acid/acrylic acid (AMPS/AA) copolymer, including
commercially available, FDA-approved materials (KM 40A,
KATECHO).3Z The process in this case involves immersing
the CHA in a solution of DB (22.4 x 107 m) for up to 60 min
(Figure 2d). The inclusion of DB (446.6 g mol ™) into the hydrogel
matrix occurs via passive diffusion.’3-¢ The doping time must
Dbe selected to achieve both mechanical stability of the DB-CHA
and effective DB inclusion in the matrix (Figure S4, Supporting
Information). The composite material (DB-CHA) that results
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from these doping procedures offers optical, mechanical,
and electrical properties that are comparable to those of the
undoped case. As shown in Figure 2e, the DB-CHA remains
optically transparent in the visible range (>80% total transmit-
tance, suitable for an optical interface to the skin). Compared
to the non-doped CHA, the decrease in normal transmittance
(e.g., 15.5% for 30 min doped DB-CHA and 63.2% for 60 min
doped DB-CHA at 550 nm) can be explained by light scattering
from DB microparticles that precipitate in the matrix during
the drying step (Figure S5, Supporting Information), and do
not fully dissolve during the rehydration process. Increasing

© 2021 Wiley-VCH GmbH
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Figure 2. Optical and mechanical properties of DB-PDMS and DB-CHA composite materials. a) Images of films of DB-PDMS and their absorbance
spectra measured using an integrating sphere. b) Stress—strain curves of DB-PDMS. c) Shear modulus of PDMS and DB-PDMS (1.0 wt%). d) Sche-
matic illustrations of the fabrication procedures for DB-CHA, and an image of a sample. e) Transmittance of DB-CHA as a function of DB doping time.
f) Maximum normal adhesion forces to the skin of the back of the hand for various materials.

the loading of DB by increasing the doping time increases the
absorbance in the UV regime (Figure S6, Supporting Infor-
mation). The mechanical properties of DB-CHA show some,
relatively small, differences compared to those of non-doped
CHA for strains up to 20% because of disentanglement of the
AMPS/AA network by water permeation; the properties from
20% to 50% are similar (Figure S7, Supporting Information).
The resistivity of this hydrogel is somewhat higher than that of
typical commercial gels for electrical measurements on the skin
(Figure S7, Supporting Information), but their gentle, skin-safe
adhesion properties and their soft, elastic mechanics are essen-
tial characteristics for the applications considered here.

Adv. Mater. 2021, 33, 2103857
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Measurements of the maximum normal force for peeling
samples of these two types of composite materials (DB-PDMS
and DB-CHA) from the skin of the hand define the adhesive
characteristics relevant to their use in skin-interfaced devices.
The DB-PDMS exhibits an adhesion force that increases
monotonically with DB doping, consistent with corresponding
reductions in the modulus and associated improvements in
surface compliance (Figure 2f). Specifically, the adhesion force
of the 1.0 wt% composite is =5 times higher (=1.5 N cm™)
than that of the pure PDMS (=0.3 N cm™). By contrast, the
DB-CHA shows no significant dependence of the adhesion on
the doping level.

© 2021 Wiley-VCH GmbH
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Figure 3. Morphological and quantitative analysis of DB-doped materials. a) Top-view confocal microscopy image of the DB-PDMS. The lower inset
is the measured autofluorescence spectrum for DB under two photon excitation at a wavelength of 900 nm. b) 3D mapping of DB in the composite.
The inset presents a cross-sectional view of the DB dissolving into water (at XZ plane). c) Top view of the time-dependent dissolution of DB into
water. d) Absorbance spectra of DB standard solutions. €) Linear relation between the absorbance of the standard solutions at 262 nm and the DB
concentration. f) Calculated (lines) and measured (dots) absorbance for DB-PDMS as a function of DB concentration and time of immersion in water.
g) Computed dependence of the concentration of DB on depth in a 1.0 wt% DB-PDMS composite when immersed in water for t =1, 30, 90, 150, 300,
and 600 s. h) Calculated (lines) and measured (dots) absorbance at 262 nm for DB-CHAs formed by doping for 30 and 60 min. i) Computed depend-
ence of the concentration of DB in a sample of DB-CHA doped for 60 min when immersed in water for t =1, 30, 150, 300, 600, and 1500 s.

2.3. Diffusion Kinetics for Releasing the DB Bitterant

The key feature of these composites is their ability to release
DB into an aqueous environment, including that associated
with saliva in the mouth. The kinetics of the diffusive pro-
cesses that govern this release depends on the distribution of
the DB within the supporting matrix. 3D multiphoton micros-
copy based on the autofluorescence of DB (emission peak at
520 nm) under =900 nm excitation reveals this distribution
for this case of DB-PDMS. Microparticles of DB (diameter =
30 um) appear not only at the surface but also into the depth of
the composite, as might be expected (Figure 3a and Figure S8:
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Supporting Information). Immersion into water generates
pores at the locations of these microparticles (Figure 3b).
These pores gradually grow in size until they reach dimen-
sions comparable to those of the microparticles (Figure 3c and
Figure S9: Supporting Information). Dissolution occurs mostly
in the near surface region, to define the release kinetics of the
DB from the composite.

Concentration-dependent changes in the optical properties
of the surrounding water provide a means for quantifying the
release kinetics. Specifically, the UV absorbance values of DB
standard solutions define a relationship between the absorbance
and concentration, as shown for cases of 3.125, 6.25, 12.5, 25,

© 2021 Wiley-VCH GmbH
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50, and 100 ppm in Figure 3d. Figure 3e and Figure S10 (Sup-
porting Information) highlight a linear increase in absorbance
with concentration at a wavelength of 262 nm, consistent with
Beer’s law, A = €lc where A is absorbance, ¢ is the molar extinc-
tion coefficient, I is the optical path length, ¢ is the concentration
(Figure S10, Supporting Information).*”) Values of absorbance
of a volume of water measured before and after immersing/
removing the sample in/out of the water thereby determine
the amount of released DB (Figure S11, Supporting Informa-
tion). The absorbance increases with DB doping up to 1.0 wt%
(Figure 3f). The release process slows after =300 s for all cases.
The underlying physics can be captured with a 1D diffu-
sion model, applicable because the thickness of the sample is
much smaller than its length and width. Due to the symmetry
of diffusion, a half system can be considered, with the origin
o of the coordinate system located at the middle of the sample
and the oy axis going along its thickness direction (Figure S12,
Supporting Information). The equivalent half depth of water
and the half effective releasing thickness of the sample are
denoted by a and b, respectively. Introducing the mass of DB
that remains in the sample per unit area between y = 0 and

y =1y as M(y,t):J.:w()_),t)ay, where the DB concentration w

depends on both location y and time t, the diffusion theory
oM I'M

yields the governing equation for M as 5 D oy (0<y<b)

, where D is the DB diffusivity (details appear in the experi-

mental section). A constant initial DB concentration w, in the

sample requires M|_y = wyy. Besides the boundary condition

Mj,o = 0, the conservation of the total mass of DB requires

M|, + e ly=» =bw, given the nearly uniform distribution
Y

of the released DB in water. By the method of variable sepa-

ration, the analytical solution of the above governing equation

with initial and boundary conditions is (details appear in the

experimental section)

S . S <L I T
M(y,t)—awo{a(a+b)+22n—1|:sin§n—§nsecf,,

: D (1)
. VLY n
mn(T)eXp(—?tJ]}
by which the mass of DB released in water is obtained as
2
b P (_ Db§ t)
Mreleased = awOA a—-l-b - Zzn:1 42& (2)

B sin(2&,)

where A is the in-plane area of the sample. The DB concentra-
tion in the sample is obtained by the first-order derivative of M
with respect to y:

S I RS < E SR 7' D&
W_wo{a+b 22"’[acos§n+bsec§n cos( b )exp( b’ t)]}
3)
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Here, &, are the positive roots of the transcendental equation

tan(&,) + “f“ =0(n=123, ).

The distribution of DB concentration along the thickness
direction with 1.0 wt% DB-PDMS appears in Figure 3g for a
time of immersion up to 600 s, as the most active release per-
formance. The gradient of DB concentration in the sample
decreases with time due to diffusion, achieving its maximum at
the sample/water interface. A uniform distribution of DB con-
centration is eventually achieved after saturation, at the value
w=% according to Equation (3). Specifically, the saturated
DB concentrations are 0.59, 0.91, 1.8, 2.5, and 3.1 ug mL™! (inset
of Figure 3g) for the composites with 0.05, 0.1, 0.2, 0.3, and
1.0 wt% of DB, respectively and well-matched with the meas-
ured data.

The diffusion model also describes the kinetics of release
from the DB-CHA system, which differs from the DB-PDMS in
the effective thickness that participates in the release, defined
by the measured amount of DB released in water at saturation.
The DB-CHA engages the entire thickness of 600 um (the half-
effective releasing thickness is b = 300 um) in the release pro-
cess, due to the effective transport of water through the hydrogel
network. As shown in Figure 3h, DB-CHA formed by doping
for 30 min and 60 min (doping levels of 5.3 and 6.6 ug mL™
respectively, based on measurements of UV absorbance in
Figure 3h), show =70% and =110% improvements in the release
performance, compared with the highest performance from the
DB-PDMS (=3 ug mL™Y), respectively.

The modeling results agree well with experimental meas-
urements. The simulation spans =1500 s to reach saturation,
although 600 s is sufficient to completely release the DB, as
confirmed by the experimental results. This time for satura-
tion is larger than that for the 1.0 wt% DB-PDMS because the
effective thickness over which DB can be released from the
DB-CHA system (full thickness, =600 um) is much larger than
that for the DB-PDMS (effective thickness of =16 pm). Figure 3i
shows the distribution of DB along the thickness direction in
the hydrogel system formed with 60 min doping as a function
of the time of immersion (¢t = 1, 30, 150, 300, 600, and 1500 s).
The concentrations saturate at 5.3 and 6.6 ug mL™! for hydrogel
samples doped for 30 and 60 min, respectively, consistent with
experimental results in Figure 3h. Given a bitterness threshold
0f 0.05 ppm, the required time for a taste sensation is estimated
to be 6.3 and 4.8 s for DB-PDMS and DB-CHA, respectively.
The release kinetics in the short time regime are most impor-
tant for the applications considered here.

2.4. Skin-Interfaced Biosensors Formed with Composite Mate-
rials That Reduce Choking Risks

Three representative skin-interfaced devices serve as the basis
for demonstrating these composite materials in health moni-
toring applications of relevance to neonatal and pediatric
patients: 1) a mechano-acoustic sensor for tracking motions
and vibratory signatures of body processes (MA device),?>383
2) an electrocardiogram monitor for measuring cardiac health
(ECG device),™ and 3) a near-infrared spectroscopy device

© 2021 Wiley-VCH GmbH



ADVANCED
SANCF NS MATERTALS

www.advancedsciencenews.com

www.advmat.de

a
Top layer MA device Respiration Temperature
“— (1.0 Wt% DB-PDMS) QQ Motion
<«—  Softfiller (Ecoflex -
: ( ) ECG device ECG
' <— Electrical components ggg f-,\
; . <«—  Softfiller (Ecoflex) ] ,l’x
v NIRS dewce
<+ Bottom layer Mounted 5
(DB-CHA doped for 60 mins) device
b &
2
5 [ —Xx—y—z
24} Attt WWN‘#MWHWWMW b
o | Normal HoId |/Talkmg Drinking Walking Jumplng Sitting Resting
® 0} breath /bre i water L1
< } i
_2 A 1 1 " L 1 4 Sy 4 ! L L 1 1 1
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

T
. q ime (s) o
—~| Respiration —~| Heart activity (SCG) ~| Drinking
> >S5 L
B s «~ Exhale Bl g182 i
83 83 !
£3 E ‘W““’\“W‘WW 'M’W ESt
S G S S &
Z g Z ey t Z gl
®© Inhale ® Cardiac vibrations ®© Respiration + SCG

130 135 140 145 150 1205 121.0 121.5 1220 38 42 46 50 54
Time (s) Time (s) Time (s)
f g h

40
Body temperature w/ DB-CHA PPG red

b b bbb 3 3 A

S

4
Avg. temperature range
© 30f —MA device

ture ("C)
w
[$)]

Normalized
amplitude (a.u.)

Normalized
amplitude (a.u.)

’g """ Oral (thermistor) :W/ pristine CHA PPG IR
2 55| —Ambient air (thermistor L y\/\/\/\/\/\/\/\_/\,./\/V\/
5] LT 1
|_ 20 M " " " M " " " " " M M M " M M M N N " M M M L L
0 40 80 120 160 0O 2 4 6 8 10 0 2 4 6 8 10
Time (s) Time (s) Time (s)

Figure 4. Skin-interfaced wireless health-monitoring devices that use bitterant-doped materials for encapsulation layers and adhesives, as safety fea-
tures to prevent choking hazards when used with infants. a) Exploded view schematic illustrations of a device that uses a top encapsulating layer of
1.0 wt% DB-PDMS, over active electronic components (depending on the device type), soft fillers, and a bottom adhesive layer of DB-CHA (60 min
doping time), and its application for measuring various vital signs. b) Three-axis accelerometry, as representative MA data recorded over a 150 s interval
as a subject engages in various activities including talking, drinking, walking, jumping, and sitting at rest. c) Sample time-series data and spectrograms
corresponding to respiration (c), cardiac activity (d), and drinking (e). f) Measurement of body temperature. g) Representative ECG waveforms and
h) PPG red and PPG IR signals, collected from the ECG monitoring device and NIRS device coupled with DB-CHA adhesive, respectively.

for capturing signatures of cerebral hemodynamics (NIRS  encapsulants and/or skin adhesives for these systems. Figure 4a
device).I The composite, bitter-tasting materials serve as soft ~ shows an exploded-view illustration of a representative example.
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Here, the DB-PDMS with 1.0 wt% encapsulates the electronics
and the DB-CHA (60 min doped) provides an electrically con-
ductive, transparent adhesive interface to the skin. In the first
example, an MA device prepared in this fashion mounts on
the suprasternal notch (SN) to yield time series data related to
diverse physiological processes and core-body motions,’ in the
form of 3-axis, wide bandwidth accelerometry, and temperature
sensing. Data from a healthy subject participating in a series of
activities appears in Figure 4b. The features include respiratory
behaviors and cardiac sounds. Accelerations in the direction
perpendicular to the surface of the skin show repeated expan-
sion and contraction of the chest wall, highlighted by normal
breathing during the first 10 s of the data. After a breath hold
that extends for a following 10 s, the subject engages in talking
and drinking to create data features that correspond to acoustic
vibrations and rapid motions. Subsequent, large-amplitude
accelerations with significant projections along all axes follow
from periods of walking (59-72 s), jumping (74-88 s), and sit-
ting (89-96 s), followed by recovery to the original stationary
state, with controlled respirations. The quality of data captured
with these devices is identical to that associated with devices
that use conventional encapsulants and adhesives (Figure 4c—f).
A bilayer of DB-PDMS (1.0 wt%) and undoped PDMS can also
be considered as the encapsulant. Due to the good adhesion at
the interface between these materials (Figure S13, Supporting
Information), the physical properties of a conventional PDMS
based encapsulating structure are only slightly modified by the
presence of the DB-PDMS coating.

The conductivity of the DB-CHA enables measurements
of ECGs. For this demonstration, an ECG device encapsu-
lated with DB-PDMS couples to the skin with the DB-CHA to
yield clean waveforms with distinctly separated P, QRS, and
T features. These signals are comparable to those obtained
with undoped CHA (Figure 4g). The optical transparency of
DB-CHA enables the operation of the NIRS device for meas-
uring reflectance-mode photoplethysmograms (PPGs) based
on operation at red (740 nm) and infrared (IR, 850 nm) wave-
lengths, sampled at 25 Hz (Figure 4h).

3. Conclusion

We have demonstrates that a harmless bitterant can be intro-
duced into soft matrix materials to yield encapsulation layers
and gentle adhesives for advanced, miniaturized wearable
devices designed to minimize choking hazards when used with
infants. A comprehensive set of experimental and modeling
results define the structure/property relationships in these
unusual composites. This materials strategy provides a means
for introducing bitter taste into silicone materials and, at the
same time, for tuning the volumetric density of crosslinks and
associated physical properties. The result is a composite with
broad utility as an encapsulating or interfacial adhesive mate-
rial across a range of skin-mounted device technologies, with
an important safety feature against ingestion. This work dem-
onstrates the first of many opportunities where advanced mate-
rials can contribute to enhanced safety in skin-integrated health
monitoring devices, with applications that span all age groups
and application scenarios.
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4. Experimental Section

Fabrication of DB-PDMS: The process began with micro-ball milling of
denatonium benzoate powder (>98%, Sigma) using stabilized zirconia
balls (diameter of 0.3-0.4 mm and 1.4-1.7 mm) in a planetary mixer
(ARE-310, Thinky) for 5 min at 2000 rpm. Subsequently, the pulverized
powders passed through two microsieves (100 mesh from Talisman and
US2.5-325B standard brass sieve from Dual manufacturing Co., Inc.) to
collect fine powders of microparticles with diameters of less than 45 um.
Formation of the DB-PDMS involved adding DB powder into a base
polymer precursor (Sylgard 184, Dow Corning) and mixing thoroughly in
a planetary mixer for 30 s at 2000 rpm and degassing 30 s at 2200 rpm.
A PDMS curing agent (Sylgard 184, Dow Corning) introduced into the
mixture (10:1 ratio of the base and curing agent) preceded another cycle
of mixing for 30 s at 2000 rpm and degassing 30 s at 2200 rpm. The
resulting mixture of DB powder and PDMS was then poured into a petri
dish substrate. Additional degassing occurred by placing the sample in
a vacuum chamber for 1 h, prior to thermal curing at 75 °C for 2-3 h.

Fabrication of DB-CHA: A commercially available conductive hydrogel
adhesive (KATECHO, KM 40A Hydrogel) served as a matrix for doping
with DB. The first step in the process involved preparing a DB solution
at a concentration of 22.4 x 103 m by adding DB to deionized water
and then immersing the hydrogel in the solution (for 30 and 60 min for
each case) after removing the liner (medium-density polyethylene) that
accompanies the commercial product. Drying the material and then
rehydrating it returns the hydrogel to its original state.

Diffusion Model for Release of DB: The governing equation for diffusion is

2
%—T:D%T?(Oﬁy<b) 4)

A constant initial DB concentration wy in the sample and zero DB
flux at the middle of the sample yield the following initial and boundary
conditions:

Wli=o=wo(0 <y <b) ()
)
g, h=0=0 ®)

For the mass of DB that remains in the sample per unit area between
y =0 and y =y defined as M(y,t):_[oyw(?,t)gy, integration of both sides

. . oM _(dw ow .
of Equation (4) over (0, y) yields W—D(a—y—a—yh:o} which, together
2
with boundary condition in Equation (6) and a_I\Z/I:B_w, give
dy dy
oM _ 9I’M
G =057 0=y <h) )

The initial condition, boundary condition, and conservation of the
total amount of DB require

oM
Mico=woy(0<y<b)M|,_o=0M],_, +aa—y|yzb:bw0 8)
in view of the instant uniform distribution of the released DB in water.

The following function is introduced

bWo

Fpt)=M(yt) = 2%y ©)

such that its governing equation and boundary conditions are all
homogeneous

0 0?2

a—{:D#(OSy<b) (10)
bWo

fl=o=woy—7py(0<y<b) (W)

© 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

fly=0=0 (12)

Flys+ag =0 (13)

The method of separation of variables, f =
Y7=T?=—/l, with A4 as the positive eigenvalue. The solutions are
T = exp(-At) and T = exp(-At), where E, and F are the constants to
be determined. The homogeneous conditions in Equations (12) and

. _ . A A Al q o
(13) require F = 0 and sm[b\/;)+a\/;cos(b\/;J—0 since E cannot

be zero. The eigenvalues are thus the positive roots of the following
transcendental equation:

tan(§")+%§"

Y(y)T(t) vyields

=0 (n=1,23,...) (14)

where §”=b\/z. Therefore, the general solution of f s

fzz;[CneXp( 5” Jsm(é"yﬂ, with  constants C, to

be determined from the
Sa¥ )| awoy

zn [C sm( “(a+h)’

J-:sin(%)sin(%)dyzo (m#n) then gives C,

The final solution of fis

f=2awo," 1[msm(5 )exp( é"t)] s)

The analytical solution of M is obtained as Equation (1) according to
Equation (9). The mass of DB released in water is obtained by M ¢jeased =
Albwy — M(b, t)], which yields Equation (2).

In the present study, all samples have the same length and width
(=1 cm) and the volume of water for immersion is 10 mL, such that the
area A =1 cm? and the equivalent depth of water a = 5 cm are used in
the model. For the DB-PDMS, the surface localized effective thickness
is offered for the release, as defined by the measured amount of DB
released in water when the saturation is reached. Specifically, b = 61, 47,
46, 43, and 16 um are adopted for the composite models and wy = 0.48,
0.97, 1.9, 2.9, and 9.7 mg mL™ for the initial DB concentrations in the
samples with 0.05, 0.1, 0.2, 0.3, and 1.0 wt% of DB, respectively. Based on
the measured linearity between the absorbance and the concentration, it
is noted that the DB concentration (X) in water (ug mL™) is related to
the absorbance (Y) at 262 nm by Y = 0.0102X — 0.00254, which has been
used in the modeling. Accordingly, the DB diffusivities in the matrix
can be extracted using the present model as D =6 x 107", 2.5 x 107",
7 x 1072, 6 x 1072, and 1.3 x 1072 m? s7' for the composites with 0.05,
0.1, 0.2, 0.3, and 1.0 wt% of DB, respectively. Likewise, the initial DB
concentrations in the doped hydrogel systems are determined to be
wo = 0.90 and 1.1 mg mL™" for DB-CHAs doped for 30- and 60-min and
the DB diffusivity is also obtained as D =1.7 x 107°m? s,

Assembly of the Device: Details of the fabrication methods for each type
of skin-interfaced device and its data collections appear elsewhere.[>4041
The encapsulating structures adopted shapes defined by aluminum molds
formed in geometries by design drawings (Solidworks) and a three-axis
milling machine (Roland MDX 540). The top-encapsulating layer was
prepared by casting the DB-PDMS (1.0 wt%) into the gap (thickness
300 um) formed by aligned pairs of such molds. After curing in an oven
at 75 °C for 3 h, the top layer was carefully peeled from the mold. A planar
silicone substrate film enclosed the electronics by bonding to the top layer.
The mold facilitated alignment with the substrate film and supported
electronics. A silicone thermoset polymer (Ecoflex, 00-30, smooth-on)
filled the air cavity that enclosed the electronics, cured at 75 °C in an oven

initial condition in Equation (1),

The orthogonality of the eigenfunctions

2awg

:( i _gnsecén).

siné,,

Adv. Mater. 2021, 33, 2103857

2103857 (9 of10)

www.advmat.de

for 15 min. A layer of DB-CHA (60 min doped) served as a soft, double-
sided adhesive, conductive skin interface.

Characterizations: The DB-PDMS morphologies were characterized using
a high-resolution digital microscope (VHX-1000 Keyence). The absorbance
measurements were recorded using a UV-Vis spectrophotometer (Perkin
Elmer LAMDA 1050). An integrating sphere module enabled measurements
of the total absorbance. Mechanical tensile tests used a commercial
instrument (TA instruments RSA G2). The sample dimensions were
10 mm wide, 20 mm long, and 500 pum thick. The shear and loss moduli
of the DB-PDMS were measured using an automatic rheometer (Anton
Paar MCR302), from 1072 to 102 Hz with a constant interval depending on
sample thickness, and a controlled force normal to the sample in a parallel
plate geometry with 8 mm diameter at 25°C. The sample thickness was
700 um and the applied strain was 0.5%. Adhesion tests used a digital
force sensor (FGJN-5B, Shimpo). A commercial adhesive (3M) placed
on the back sides of the samples eliminated contributions from elastic
stretching of the samples during these measurements. Tests with human
subjects used devices adhered to the skin of the backside of the hand
with one end of the sample secured by a metallic clamp. The sample
width and length were 10 and 20 mm, respectively. The peeling speed was
10 mm s and the maximum adhesion force was determined during the
peeling process. The electrical impedance of the DB-CHA was measured
by using a polysomnography system (NicoletOne v44, Natus). 3D images
of DB were captured with a confocal microscope (Nikon AIR-MP). For
human subject studies, the studies were approved by the Northwestern
University Institutional Review Board, Chicago, IL, USA (STU00202449 and
STU00212522) and were registered on ClinicalTrials.gov (NCT02865070
and NCT04393558). The subjects took part following informed consent or
following informed consent of a legal guardian or parent.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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